We studied microvascular injury after myocardial cryothermia in rats using intravital fluorescence microscopic techniques. Cryolesions were induced to the right ventricle by freezing with ؊160°C (probe diameter: 5 mm) for a total of 5 min. Fluorescence microscopy was performed at 15, 30, 60, 90, and 120 min as well as at 3 and 7 days after cryothermia. Analysis of the epicardial microvasculature 15 min after cryothermia revealed an area of 24.6 ؎ 3.8 mm 2 of nonperfused tissue, which was reduced to 5.3 ؎ 1.5 mm 2 (P < 0.05) after the initial 2-h observation period. Vital microscopic images of reperfused tissue characteristically demonstrated extravasation of the macromolecular fluorescent tracer FITC-dextran (21.7 ؎ 3.4 mm 2 ), suggesting substantial loss of endothelial integrity. In vivo propidium iodide staining confirmed membrane damage of microvascular endothelial cells. Three days after cryoinjury the area of nonperfused tissue was reduced further to 1.1 ؎ 0.4 mm 2 in the center of the lesion, while the area of perfused tissue with disruption of endothelial integrity was found significantly increased to 47.4 ؎ 5.9 mm 2 (P < 0.05) toward the periphery. Analysis at 7 days revealed endothelial repair at the periphery of the cryolesion, but now a central necrotic area was found demarcated (nonperfused), presenting with a size (26.0 ؎ 3.5 mm 2 ) similar to that shown during the very early (15 min) reperfusion period. Our study demonstrates recovery of microvascular perfusion during the first hours and days after myocardial cryothermia. This is, however, associated with endothelial injury, i.e., damage of plasma membrane and loss of barrier function. Infarction with capillary perfusion failure is evident at 7 days with a size which strikingly corresponds to the size of nonperfused tissue observed immediately after cryointervention.
INTRODUCTION
During the past few years, skeletal myoblast, satellite cell, and fetal cardiomyocyte transplantation as well as gene therapy for the induction of vasculogenesis have gained widespread interest as novel treatment modalities in myocardial infarction [1] [2] [3] [4] [5] . However, although experimental studies indicate promising results [6 -11] , clear evidence for coordinated function of transplanted cells, and thus a clinically relevant therapeutical use of these strategies remains to be demonstrated [12] . One of the essential prerequisites for the study of vasculogenesis and myocardial function is an appropriate experimental model, allowing the induction of a standardized (micro-)vascular and parenchymal injury. While there are several myocardial infarction models available in large animals, the induction of a standardized myocardial infarct in rodents remains difficult. Nonetheless, the use of rodents for experimental studies on gene therapy and transplantation may be preferred, since these species are in general genetically more well defined compared with large animals such as pigs or dogs.
Coronary ligation in the rat is frequently used as an experimental model of myocardial infarction [13] . Although this model produces a uniform sequence of histopathological alterations similar to those of myocardial infarction in man, the model is associated with a considerable number of disadvantages. Standardized ligation in the rat is hampered by the fact that both coronary arteries enter the myocardium immediately after branching off from the aorta, being completely surrounded by cardiac muscle throughout their entire course [14] . As a consequence, attempted ligation may fail to occlude the coronary artery and thus fail to produce detectable myocardial infarction [15] . Complete ligation of the left main coronary artery between the pulmonary artery outflow tract and the left atrium results in a high variability of the size of the infarcted area [13] and is associated with a mortality between 40 to 50% [15] and 80% [16] due to congestive heart failure.
Cryosurgery was introduced in 1948 as a means of achieving a controlled lesion of predictable size in the myocardium [17] and was suggested as a suitable model to study myocardial injury and repair alternative to the model of coronary ligation [18, 19] . Early stages of cryolesions have a resemblance to myocardial necrosis due to ischemia [20] . Histologic studies have demonstrated that the cellular pattern of healing cryolesions, including inflammation and phagocytosis, granulation tissue formation, and scarring, corresponds closely to that seen in healing myocardial infarctions [18, [21] [22] [23] .
The two models of myocardial injury by either coronary ligation or cryothermia may, however, be completely different in respect to capillary perfusion. While the occlusion of coronary vessels by ligation results in cessation of microvascular blood flow (ischemic injury), cryothermia may be associated with early microvascular reperfusion events, which potentially induce additional injury to the myocardial tissue (reperfusion injury). Using micropaque injection techniques Mikat et al. [24] have demonstrated in dogs that large and small coronary arteries were always capable of being perfused after myocardial cryothermia and that veins were unaffected. Due to limitations of resolution, however, the contrast injection technique used by these authors did not allow to study the nutritive microvasculature due to limitations of resolution. Histologic and electron microscopic studies revealed no morphologic changes in the blood vessels at 30 min after freezing, but did reveal endothelial vacuolization, edema formation, and media disruption after 2 days [24, 25] . Currently, there is no information on the function or dysfunction of the terminal microvascular bed after cryothermia of myocardial tissue. This information, however, would be essential with the idea to use the cryothermia model for studying novel therapeutic strategies such as induction of angiogenesis and vasculogenesis by gene transfer and/or myocyte replacement by cell transplantation. To elucidate postfreezing microvascular dysfunction and injury, we studied the myocardial microcirculation in vivo using fluorescence microscopic techniques.
MATERIALS AND METHODS
Animals and operative procedures. For our experiments Sprague-Dawley rats with a body weight of 300 to 400g were used. Experiments were performed in accordance with German legislation on protection of animals and the ''Guide for the Care and Use of Laboratory Animals'' (NIH Publication No. 86-23, revised 1985). The animals were anesthetized by intraperitoneal injection of pentobarbital (50 mg/kg body wt), intubated (Venflon 2, 14-gauge iv cannula; Ohmeda, Helsingborg, Sweden), and ventilated mechanically (Model 683 rodent ventilator, Harvard, South Natick, MA) with room air. The right jugular vein was cannulated with a polypropylene catheter (PE-50, 0.58-mm internal diameter, Portex, Lythe, Kent, UK).
The heart was exposed through a median sternotomy. Cryothermia was induced to the free right ventricular wall using a 5-mmdiameter cylindrical cryoprobe (Erbokryo PS, Erbe, Tü bingen, Germany) cooled to Ϫ160°C by liquid nitrogen circulating internally. Cryothermia was performed by five freezing cycles of 1 min each, interrupted by 1-min nonfreezing intervals. Animals of group 1 (n ϭ 6) were studied by intravital microscopy for a 2-h period immediately after freezing and thawing. The chest of animals of groups 2 (n ϭ 4) and 3 (n ϭ 5) was closed after insertion of a chest tube. The rats were then weaned from the respirator, extubated, and kept one per cage for the following days. After 3 (group 2) and 7 days (group 3) animals were again anesthetized and intubated for mechanical ventilation. A second sternotomy was performed for intravital microscopy of the epicardial microcirculation.
Intravital fluorescence microscopy. For in vivo microscopic observations, the motion of the epicardial surface area was reduced by a modified heart holder device [26] , consisting of two pencil-point intrathecal cannulas. Contraction of the ventricle was not impeded, since the heart could move freely.
After contrast enhancement by intravenous injection of fluoresceinisothiocyanate (FITC)-labeled dextran 150,000 (Sigma Chemicals Co., Deisenhofen, Germany), the microvasculature of the right ventricular surface was visualized by epi-illumination fluorescence microscopy using a Zeiss Axio-Tech microscope (Zeiss, Oberkochen, Germany). The microscope was equipped with a 100-W HBO mercury lamp which was attached to a blue (excitation wavelength: 450 -490 nm/emission wavelength: Ͼ510 nm) and a green (530 -560 nm/Ͼ580 nm) filter block (Zeiss). The observations were recorded by means of a charge-coupleddevice (CCD) video camera (FK6990; Cohu, Prospective Measurements, San Diego, CA) and transferred to a video system (S-VHS, Panasonic, Munich, Germany) for off-line evaluation [27] .
Microscopic analysis included the determination of microvascular perfusion failure, indicated by the absence of the perfusion marker FITC-dextran. This parameter was measured planimetrically (square millimeters) by means of a computer-assisted image analysis system (CapImage, Zeintl, Heidelberg, Germany). Within perfused tissue areas microvascular loss of endothelial integrity was determined by the extravasation of the macromolecular FITC-dextran (molecular weight: 150,000). The surface area of perfused tissue with microvascular endothelial damage was also measured by CapImage (Zeintl) (square millimeters).
To visualize cell membrane damage, propidium iodide, which stains the nuclei of damaged but not of intact cells, was used. The injection of 1 mol/kg body wt propidium iodide (Sigma) allowed the visualization of endothelial plasma membrane damage within the reperfused myocardium.
Histology. After in vivo analysis myocardial tissue specimens were fixed in 10% paraformaldehyde and embedded in paraffin. Sections (3 m) were stained with hematoxylin and eosin for routine histology. For immunohistochemical visualization of endothelial cells by staining of von Willlebrand factor, deparaffinized sections were incubated with H 2 O 2 to block endogenous peroxidase and were subsequently pretreated with pronase (2.5 mg/ml) for 10 min at 37°C. Rabbit polyclonal anti-von Willebrand factor (DAKO, Hamburg, Germany), diluted 1:200, was used as primary antibody, incubated 90 min at 37°C. A biotinylated goat anti-rabbit antibody (Vector Laboratories, Burlingame, CA), diluted 1:200, was used as secondary antibody for streptavidin-biotin complex peroxidase staining (Vectastain ABC-peroxidase kits, Camona, Wiesbaden, Germany). Chromogens used were 3,3Ј-diaminobenzidine and 3-amino-9-ethyl-carbazole. The sections were counterstained with hematoxylin and examined by light microscopy (BX60F, Olympus Optical Co., Tokyo, Japan).
Experimental groups and study protocol. In group 1 (n ϭ 6), microvascular injury was analyzed by intravital fluorescence microscopy at 15, 30, 60, 90, and 120 min after cryothermia. In groups 2 (n ϭ 4) and 3 (n ϭ 5) analyses were performed at 3 and 7 days after cryothermia, respectively. Sham-operated animals (group 4, n ϭ 4), undergoing the identical intravital microscopic procedure, served as controls.
Statistics. Values are given as means Ϯ standard error of the mean (SEM). To test for differences between individual time points in group 1 ANOVA for repeated measures was applied, followed by paired Student's t test, including correction of the ␣-error according to the Bonferroni probabilities for repeated measurements. Differences between groups were tested by ANOVA, followed by Scheffe's test (appropriate multiple post hoc comparison). Overall statistical significance was set at P Ͻ 0.05. Statistical analysis was performed using SigmaStat (Jandel Corp., San Raffael, CA).
RESULTS
In group 4 (sham-operated animals) intravital microscopy demonstrated intact microvascular perfusion of the epicardium, visualizing supplying arterioles, nu-tritive capillaries, and draining postcapillary venules. The macromolecular tracer FITC-dextran 150,000 remained within the intravascular space, indicating preserved endothelial integrity (Fig. 1) .
In group 1 analysis of the cardiac microvasculature 15 min after cryothermia revealed a considerable area of 24.6 Ϯ 3.8 mm 2 (mean Ϯ SEM) of nonperfused tissue (Fig. 2) . However, during the 2-h observation period, the nonperfused tissue area decreased to 5.3 Ϯ 1.5 mm 2 (P Ͻ 0.05) (Fig. 2) . Vital microscopic images of reperfused tissue within the cryolesion characteristically demonstrated heterogeneous distribution and extravasation of the macromolecular fluorescent tracer (Fig. 3) , indicating loss of microvascular endothelial integrity. In vivo propidium iodide staining visualized membrane damage of endothelial cells lining the microvasculature of the reperfused tissue (Fig. 3) .
In group 2 (3 days after cryoinjury) microvascular analysis of the epicardial surface demonstrated an area of nonperfused tissue of only 1.1 Ϯ 0.4 mm 2 (Fig.  4) . However, the area of perfused epicardial tissue with endothelial integrity disruption (enhanced endothelial permeability) was found significantly increased to 47.4 Ϯ 5.9 mm 2 when compared to 2 h after cryothermia (21.7 Ϯ 3.4 mm 2 ; P Ͻ 0.05), indicating extension of microvascular endothelial damage (Fig. 5) .
In group 3 (7 days after cryoinjury) microvascular analysis revealed disappearance of endothelial integrity disruption within the perfused border zone of the cryolesion (Fig. 5) . However, a central tissue area with a size of 26.0 Ϯ 3.5 mm 2 was found demarcated. Within this tissue area were some larger microvessels (arterioles and venules with diameters Ͼ25 m); however, none of the capillaries were demonstrated with blood flow, indicating a complete lack of nutritive perfusion (Fig. 4) . The demarcated tissue area at 7 days after cryothermia was significantly (P Ͻ 0.05) larger when compared to the area of nonperfused tissue at day 3, but corresponded well with the nonperfused area immediately after cryothermia (24.6 Ϯ 3.8 mm 2 ). Histological analysis at 2 h after cryothermia demonstrated hemorrhage and extensive coagulation necrosis. Parenchymal injury was characterized by interstitial edema and cell swelling, loss of nuclear staining, and alteration of intercalated disc elements. Blood vessels of larger size (Ͼ300 m) were filled with erythrocytes but appeared patent. Thrombotic occlusion was not observed in larger vessels and only were occasion- ally found in smaller vessels. Von Willebrand staining of vascular endothelium was not affected. At day 3, marked granulocyte infiltration at the border zones of the cryoinjured tissue was observed, while at day 7 the infarcted tissue area was found demarcated, lacking myocytes and positive endothelial von Willebrand staining within the central region.
DISCUSSION
Cryothermia of myocardial tissue may play an important role in the establishment of experimental myocardial infarction [18, 19] and has still some clinical impact due to the use of cryoablation in the treatment of cardiac rhythm disorders [28] .
Two models may be used to study experimental myocardial infarction in rodents, i.e., coronary ligation [13] and cryoinjury [18, 19] . The model of cryoinjury may be preferred compared to coronary ligation models, in particular using the rat as the experimental animal, because the myocardial lesion can be induced in a more standardized fashion and with an acceptable mortality rate. Although the handling of larger animals, such as dog and swine, would have been easier in respect to the operative procedure and postoperative monitoring, intravital microscopic analysis of the epicardial microcirculation may be limited in these animals due to their size and the epicardial fat tissue. Other models, which may cause myocardial ischemia and necrosis in rodents, such as the induction of ischemia/reperfusion by distinct temporary coronary occlusion [29 -31] , depend strongly on the ischemia time chosen, i.e., development of microvascular no reflow with prolonged ischemia times versus microvascular reflow paradox (inflammatory response) by choosing shorter ischemic periods and may induce only partial, nonstandardized necrosis, even in the case of 60 min coronary occlusion [29] . In addition, late reperfusion after coronary occlusioninduced infarction may modify postinfarction expansion [32] , which again may interfere with the aim to achieve a standardized infarct size. By contrast, in cryothermia-induced injury the amount of parenchymal cell necrosis is determined by the hypothermic rather than the ischemic insult and does not depend on microvascular reperfusion events. This view is supported by the present study, demonstrating an infarcted area of myocardial tissue after 7 days similar in size compared with that observed initially after induction of cryothermia.
For the analysis of the epicardial microcirculation, we have chosen the technique of intravital microscopy. Previous studies have used light and electron microscopy to determine the magnitude of microvascular injury after myocardial cryothermia [21] [22] [23] . The advantage of these techniques is the higher resolution which can be obtained when compared to intravital microscopy. In addition, histology allows transmural analysis, while the intravital microscopic technique is restricted to the epicardial surface. However, histology bears the disadvantage that the technique cannot be used for repeated measurements and does not allow for analyses of dynamic and functional processes, such as vascular perfusion and endothelial barrier function. Rabb and co-workers [25] have demonstrated that intravital microscopy is indeed an appropriate tool to study the effects of freezing and thawing on the microcirculation and capillary endothelium. However, these studies were performed in the hamster cheek pouch and not in myocardial tissue.
By analyzing the effects of freezing and thawing on the myocardial microcirculation the present study communicates the following major findings: nutritive perfusion failure immediately after thawing is followed by microvascular reperfusion, which, however, includes endothelial damage and loss of microvascular integrity. Endothelial injury extends during the first 3 days after cryothermia, while after 7 days endothelial repair and maintenance of capillary blood flow within the outer zone of the lesion contrast central demarcation with complete loss of nutritive perfusion.
The first time point for intravital microscopic observation of the microcirculation was 15 min after the end of the freezing procedure, because the placement of the heart-holder device required this definite time period. The 15 min, however, must be considered as a sufficient time period for thawing, since rewarming with reestablishment of coronary artery perfusion after cryothermia has been reported to take place within a 120-to 180-s period [24] . Nonetheless, a considerable area of myocardial surface demonstrated lack of adequate onset of microvascular perfusion, supposedly due to the insufficient arteriovenous gradient, which must be increased substantially to restart perfusion after cessation of blood flow [23] .
After 30 min to 2 h, however, microvascular perfusion was found reestablished, indicating, in general, patency of microvessels after cryothermia. This is in agreement with observations in the hamster cheek pouch [25] , demonstrating hemostasis within the microvasculature during the first 20 min after freezing, but subsequent gradual and spontaneous resumption of blood perfusion.
Strikingly, immediately with the onset of reperfusion marked extravasation of the macromolecular fluorescent tracer was observed, indicating endothelial damage and loss of microvascular integrity. Endothelial cell damage was confirmed in vivo in the present study by positive propidium iodide staining, which is in line with previous in vitro reports, demonstrating plasma membrane damage as a direct result of cryothermia [34] . In fact, high concentrations of electrolytes produced by freezing as well as recrystallization during warming have been suggested as direct mechanisms of cryothermia to affect membrane lipids and, thus, to make (cell) membranes chief targets of freezing injury [34, 35] . The consequence of endothelial cell damage is an increase of microvascular permeability with leakage of plasma fluids out of the vessels. This was hypothesized based on electron microscopic observations of endothelial cell damage [25, 36] and is now demonstrated for the first time in myocardium in vivo using fluorescence microscopic techniques. Endothelial cell damage and increased microvascular permeability may not only be a direct freeze-thaw effect, but may also be the result of the inflammatory response to ischemia and reperfusion [37] . This is supported by previous studies in striated muscle, demonstrating progressive loss of endothelial integrity and increased microvascular permeability, caused by leukocytic activation and adhesion molecule-mediated endothelial adherence [38, 39] . Moreover, the fact that activated leukocytes alter microvascular permeability may explain the increase of the area with endothelial integrity disruption at day 3 after cryothermia, since massive leukocytic infiltration was observed at this time point within the border zone of the cryolesions. However, this does not mean that cryothermia-induced microvascular injury reflects a classical ischemia/reperfusion response. In ischemia/reperfusion, leukocytic activation must be considered as a probably frustrane host defense mechanism and represents together with the formation of reactive oxygen species an early event, which is causative for endothelial damage and parenchymal injury. In contrast, cryothermia exerts endothelial and parenchymal cell damage directly by physical action, and the leukocytic response during the later time course must be considered a component of the myocardial healing process.
Intravital microscopic analysis of the distribution of FITC-dextran at day 7 after cryothermia indicated repair of endothelial integrity within the margin of the cryolesions, since the macromolecular fluorescent tracer did not extravasate but remained within the intravascular space. However, endothelial repair may not have encompassed the central part of the lesions, which exhibited development of complete capillary perfusion failure after the 7-day observation period. Strikingly, the area of nonnutritive perfused tissue at day 7 was similar in size when compared to the area of nonnutritive perfused tissue immediately after freezing and thawing (15 min), implying that the early microvascular perfusion failure may predict the late manifestation of nutritional vascular supply deficits.
We finally conclude from our study that cryolesions in myocardial tissue, although induced differently when compared to coronary artery ligation (ischemia), may represent a valid experimental tool for the investigation of myocardial infarction, not only in respect to the cellular pattern of parenchymal damage [18, [21] [22] [23] , but also in terms of microvascular injury, healing, and remodeling [40] . The model combined with intravital fluorescence microscopic analysis may, thus, be recommended for the evaluation of novel therapeutic strategies, such as modulation of the process of angiogenesis and neovascularization in ischemic myocardium.
